The thermal conductivity of porous jennite, as the major component of cement paste, and its porosity and temperature dependences are simulated by molecular dynamics methods using ClayFF force field. The porous jennite models with different porosities are created by removing atoms within the sphere from bulk jennite model. The thermal conductivity elements of bulk jennite calculated by equilibrium Green-Kubo method are almost identical to those by non-equilibrium Müller-Plathe (MP) method at 300 K. The volumetric thermal conductivity of porous jennite is found to decrease from 1.141 W/m·K to 0.144 W/m·K as increasing the porosity from 0% to 72.22% at 300 K, following the empirical coherent potential model when the pore is assumed to be filled with air. As increasing temperature, the thermal conductivity is observed to increase from 240 K to 560 K and gradually decrease until 1100 K for porous jennites with the porosities of 0%, 15.99% and 32.79%.
Introduction
Building materials have always been indispensable for survival of human beings, and among them, concrete has been the most widely used since the invention of modern cement. While concrete consists of cement matrix and aggregates such as sand and gravel or industrial slag, its main binding phase is known to be calcium silicate hydrates (CaO−SiO 2 −H 2 O; C−S−H) gel produced by cement hydration [1, 2] . The C−S−H gel is responsible for various important properties of concrete, including strength, toughness, and durability. Therefore, considerably mass of experimental and theoretical research has been carried out in revealing and improving mechanical properties of concrete and C−S−H gels [3, 4, 5, 6, 7, 8] .
Although atomic modeling is widely accepted as a powerful tool to provide invaluable insights into the fundamental behavior of materials, the modeling of real C−S−H gel is known to be exceedingly challenging. This is partly associated with the difficulties in identifying the atomistic structures of C−S−H gel by material characterization experiments, such as X-ray diffraction (XRD), transition or scanning electron microscopy (TEM or SEM) and Raman spectroscopy [9] . In fact, the C−S−H gel in concrete is imperfect crystalline, in which the calcium to silicon (C/S) ratio is changeable from 1.2 to 2.1 according to the hydration process condition [10] . In such circumstances, they are often plausibly modeled by tobermorite and jennite minerals based on their structural similarities observed by XRD [11] , although more realistic model with a C/S ratio of 1.65 for C−S−H has been suggested by randomly removing charge-neutralized SiO 2 units from tobermorite 11 Å [12, 13, 14, 15, 16] .
The mineral tobermorite has much smaller C/S ratio of ∼0.83 compared with experiment, whereas for jennite it is reasonable to be about 1.5 due to the corrugation of Ca−O sheets [17] . So far, jennite and tobermorite family have been intensively studied as substitutes for the C-S-H gels. Bonaccorsi et al. have done pioneering work on characterizing the crystalline structures of jennite [18] , tobermorite 11 Å [19] and tobermorite 14 Å [20] through XRD experiments. The structural and mechanical properties of jennite and tobermorite have been investigated using firstprinciples calculations, [17, 21, 22, 23, 24, 25, 26] and molecular dynamics (MD) sim-ulations [27, 28, 29, 30] . However, there is only a limited number of studies on thermal properties of jennite and tobermorite as well as C−S−H gel [31, 32, 33, 34, 35] , in spite of its importance in design and construction of energy efficient buildings with concrete [36] . In particular, studies of revealing the thermal conductivity of jennite at molecular scale are truly scarce.
Recently, there is a growing interest in high thermal insulation materials in construction to save energy use in buildings [37, 38] . In general, thermal insulation materials are porous [39, 40] . The thermal conductivity of such porous materials decreases as their porosity increases due to an increasing amount of inside small-sized air pores.
Porous concrete is in particular advantageous due to its high thermal insulation, low density, fire-proofing and acoustic insulation [41] . Qomi et al. [34] reported the thermal properties of C−S−H, such as specific-heat capacity, thermal expansion coefficient and thermal conductivity, by means of MD method using core-only CSH force field potential [42] . Jin et al. [43] proposed the fractal model for predicting the thermal conductivity of porous concrete based on their measurements of autoclaved aerated concrete with various porosities.
In this work, we aim to determine the thermal conductivity of jennite and its dependence on the porosity and temperature by using MD simulations. We organized the paper as follows. In Section 2, we described computational methods, including the employed force field potential, jennite models and MD methods for predicting the thermal conductivity. Section 3 shows the results and discussion, where comparisons with the previous MD works, experimental results, and predictions based on the continuum models for heat transfer in porous materials, were provided. Temperature dependence of thermal conductivity was also presented together with a discussion in comparison with the available literature data. Finally, we provided the conclusions of this work in Section 4.
Methods

Force field
The accuracy of classical MD simulations strongly depends on the selected interatomic force field potential. To date, many force fields have been developed for cementitious materials [44, 45] . They are for example ClayFF [46] , IFF (interface force field) [47] , CementFF [48] , ReaxFF [49] , and CSH-FF [42] . Among them, the ClayFF potential was selected in this work, since it has been completely tested through lots of studies on various properties of clays and cement materials [30, 50, 51, 52] . As Mutisya et al. [29] pointed out, moreover, the ClayFF is able to capture thermodynamic properties of both hydrous and anhydrous cement phases.
In the ClayFF formalism, the total energy of a molecular system is represented as follows [44, 46] ,
where E Coul is the Coulomb interaction energy, E vdW is the short-range van der Waals (vdW) energy, E bond is the bond stretching term, and E angle is the angle bending term, respectively. The electrostatic interaction energy between the charged particles is described by the Coulomb's law as,
where q i is the atomic partial charge of ith particle, r i j is the distance between the ith and jth particles, e is the elementary charge, and ε 0 is the dielectric permittivity of vacuum. The attractive vdW dispersion energy is written as [44, 46] ,
where
i are the empirical parameters derived from the experimental data for physical property. The bonded interactions, which are used to describe the O−H bonding in water molecules and hydroxyl groups, and the covalent bonding in polyatomic species, are simplified as harmonic terms as follows [44, 46] ,
where k 1 and k 2 are the harmonic force constant parameters, and r 0 and θ 0 are the equilibrium values of bond length and bond angle respectively. The parameters q i ,
i and k for Ca, Si, O and H atoms considered in this work were generated by using the msi2lmp tool of Large Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [53] , and given in Table S1 −S3 (Supplementary data). The chemical formula of jennite is Ca 9 Si 6 O 18 (OH) 6 ·8H 2 O, and its crystalline lattice is triclinic with P1 space group [17, 18] . Fig. 1(a) shows the unit cell of jennite (see jennite-unitcell.cif in Supplementary material). For MD simulations, we constructed a supercell for bulk jennite model by using 3 × 4 × 3 unit cells, which contains 2484 atoms, and subsequently carried out constant pressure and temperature (NPT ) simulation with a time step of 0.1 fs for 100 ps at 300 K and atmospheric pressure, then it's size was about 32.6 × 29.6 × 32.8 Å, as shown in Fig. 1(b) . At this NPT simulation the cutoff radii for the LJ and Coulombic interactions were set to be 15 Å. The periodic boundary condition was applied in all three crystallographic directions, and the pppm method was used for calculation of electrostatic term. Nose-Hoover thermostat and barostat were used to control temperature and pressure of the system, and the velocity Verlet time integration algorithm was used to update the position and velocity of atoms. Fig. 1(c) shows the equilibrated atomistic structure of the jennite model. Then, the porous jennite models were created by removing all the atoms within sphere with a certain radius located at the center of perfect jennite model. Note that if one atom of a polyatomic molecule (e.g., CaO, SiO 2 , H 2 O) belonged to the spherical region, the molecule was totally removed. We increased the radius gradually from 3 Å to 11 Å, and estimated the corresponding mass density and porosity of each porous model. The porosity can be estimated by using the mass densities of perfect model ρ 0 Table 1 : Lattice parameters of unit cell of jennite crystal, equilibrated through NPT run, in comparison with experiment. Table 2 : Sphere radius (r), total number of atoms (N tot ), number of deleted atoms (N del ), mass density (ρ), and porosities estimated using number of atoms (P N ) and mass density (P ρ ) in perfect and porous jennite models. and porous model ρ p as follows,
Models for porous jennite
For reference, we also provided the porosity calculated using the number of atoms instead of density. Table 2 lists the characteristics of porous jennite models with various porosities from 0 to 72.22%. respectively.
Molecular dynamics methods for predicting the thermal conductivity
The thermal conductivity K of insulating solid is defined as a second-order tensor coefficient relating the temperature gradient ∇T to the heat flux q through Fourier's law, q = K · ∇T . Typically, two different methods have been developed to calculate K via MD simulation: (1) equilibrium Green-Kubo (GK) method [55, 56] and (2) nonequilibrium Müller-Plathe (MP) method [57] . The former method does not impose temperature gradients and yields the full thermal conductivity tensor via one time simulation, while the latter approach imposes a heat flux on the simulation box and gives the heat conductivity separately in each direction for an anisotropic material. In this work, we applied these two approaches in order to guarantee an accuracy of calculation, relying mostly on the MP method.
In the GK approach, once the molecular system is equilibrated through NPT simulation, the net heat flux fluctuates around zero during NV E run. The dissipation rate of heat flux fluctuations is evaluated, and the thermal conductivity tensor for an anisotropic materials is measured at equilibrium by using the following GK relation [34, 58] ,
where ⊗ is the dyadic product in tensor notation, k B the Boltzmann constant, V the volume of system, and α, β the components of coordinate system. In this equation,
is the second-order tensor known as the heat flux autocorrelation function (HFACF), and thus, the thermal conductivity can be calculated from integration of HFACF. The heat flux in a polyatomic system with a number of atom N is written as follows [34] ,
where r i is the position vector of the ith atom, and H i is the Hamiltonian, which is composed of kinetic and potential (Eq. (1)) energies. The GK approach has been applied to C−S−H [34] and amorphous silicon dioxide thin films [59] . In this work, the equilibrium GK approach was applied to the perfect jennite crystal with the 3 × 4 × 3 supercell using LAMMPS [53] . After equilibration of the system through NPT run, we subsequently performed NV E simulation with a time step of 0.1 fs for 20 ns (2 × 10 5 correlation time steps).
In the non-equilibrium MP method, thermal conductivity can be calculated by imposing a heat flux on the simulation box and measuring the resultant temperature gradient [57, 60, 61, 62] . If the heat propagates along α direction in the simulation box, the thermal conductivity in this direction is calculated by
As implemented in the LAMMPS [53] , the simulation box is divided into an even number of parallel slices, and the temperature of each slice is evaluated at every time step and then averaged over the whole time steps [61] . The heat flux is imposed through velocity rescaling, i.e., by exchanging velocities between atoms with the largest kinetic energy of the first slice and atoms with the lowest kinetic energy of the middle slice at a certain simulation time step. After reaching steady state by imposing heat flux for sufficiently long time, a temperature profile T (r α ) is evaluated and thus the thermal conductivity is ready for estimation by using Eq. (9) . For an anisotropic material, this procedure has to be performed separately to obtain the thermal conductivity in each direction of coordinate system. The MP method is easy to understand and has moderate simulation time, so it has been used in many studies of porous materials [59, 61, 62] .
In this work, we applied the MP method mostly to the porous jennite models with various porosities for estimating their thermal conductivities at different temperatures, using the LAMMPS program [53] . The porous jennite models, constructed by removing atoms within the spherical region as described above, were equilibrated by performing constant volume and constant temperature (NVT ) simulations with a time step of 0.1 fs for 100 ps. Then, the simulation boxes were created by extending these 
Results and discussion
Thermal conductivity of jennite by Green-Kubo method
We first presented the thermal conductivity of perfect jennite calculated by GK approach using the 3 × 4 × 3 supercell model. Figure 2 shows the HFACF along the rections respectively, and the average volumetric value was estimated to be K v = 1.146 W/m·K. As expected earlier, the thermal conductivity of jennite was confirmed to be 
Influence of system length on thermal conductivity
In the previous works, it has been found that in the MP method the accuracy of thermal conductivity calculation severely depends on the system length, whereas the effect of its cross-section area is independent for the case of amorphous nanoporous silica. [61] . Therefore, we tested the influence of simulation box length on the thermal conductivity of bulk jennite to determine the proper length. In this test, the perfect As depicted in Fig. 3(b) , the simulation boxes were divided into 20 plane slices perpendicular to the repeating direction (heat flux propagation direction), of which the 11th slice plays the role of heat source and the first slice is for heat sink. It is worth noting that this configuration is due to the periodic boundary condition in all the three directions, while under the fixed boundary condition the first and last slices can be used for heat source and sink [62] . Temperature was fixed at 300 K through NVT simulation, and subsequently NV E runs were performed with a time step of 0. observed that, when the system length was not enough long, the temperature reduction going from the heat source to the heat sink slices did not follow the straight line but rather meandering path, raising difficulty and ambiguity in measuring the temperature gradient. For the system lengths over ∼150 Å (extending supercell model five times), the temperature profile became almost the straight line.
In Table 3 , we summarize the principal and volumetric averaged thermal conductivities of jennite crystal as increasing the system length. As can be seen in Fig. 4 , the principal thermal conductivities converged into the reliable values over the system length of ∼150 Å, which is comparable with the previous value of 100 Å for amorphous silica [61] . For the sake of high reliability, we selected the appropriate system weighted average of the alite and belite. These indicate that our models, adopted force field, and computational method are sufficiently accurate for study of porous jennite in the following subsections.
Porosity dependence of thermal conductivity
We further investigated the porous jennite with porosities from 0% to 72.22% at fixed temperature of 300 K, comparing with the different models for describing the effective thermal conductivity of porous material and with the experimental data. It should be noted that introducing pores into the perfect crystal or media reduces the thermal conductivity substantially, and thus, porous media acts as a thermal insulator or a barrier to heat removal. As mentioned above, the simulation boxes extended by 8 times in each direction were employed (see Fig. 3 (a) for porous jennite with a porosity of 24.39%). However, for the case of 72.22% porosity, the number of atoms was too small (5 520 atoms) and thus the width and height of simulation box were again doubled, keeping the length unchanged, so that the number of atoms became enough large (22 080).
Before presenting the results of this work, let us consider the previously suggested models that relate the thermal conductivity of porous media to the porosity. The Garnett model was first derived to determine the electrical conductivity of a binary composite, in which spherical inclusions with random size were dispersed, as follows [64] ,
where K b and K p are the thermal conductivities of bulk and pore, and p is the porosity.
Landauer [65] proposed the coherent potential (CP) model to estimate the conductivity of a binary composite made of matrix and spherical inclusions as follows,
By using the CP model, Cahill and Allen [66] well predicted the thermal conductivity of porous material with a porosity of 30%. The Russel model was developed to derive the effective thermal conductivity of a dry porous material, in which cubical inclusions with uniform pores were evenly distributed [67] ,
where v = K p /K b . The Russell model assumed a parallel heat flow, whereas the Frey model treated a series heat flow [68] ,
The Parallel and Series models were developed to give the maximum and minimum of thermal conductivity of a porous material because planes of constituent phases are in parallel and in series with the heat flow direction, as follows,
Meanwhile, Qomi et al. [34] derived the self-consistent (SC) model to estimate the homogenized thermal conductivity of matrix-inclusion system, as follows, In Table 4 , we present the thermal conductivities of the porous jennite with different porosities from 0 to 72.22% calculated by applying the MP method at 300 K. Figure 5 shows normalized thermal conductivity of the porous jennite as a function of porosity, comparing with the effective thermal conductivities of porous media derived from the various models described above. As expected, the thermal conductivity of porous jennite was observed to decrease as increasing the porosity, since the thermal conductivity of air (0.026 W/m·K [69] ) is much smaller than that of jennite. As can be seen in Fig. 5 , although all models exhibit decreasing tendency of effective thermal conductivity as increasing the porosity, the CP and SC models (they are almost identical each other) were found to be in quantitative agreement with our MD simulation results. It should be noted that an iterative procedure is required in the calculation with the SC model, and thus, in order to calculate the thermal conductivity of porous jennite by using the SC model we made use of the result from the Parallel model as the initial value and iterated the calculation for 10 times during the self-consistent cycle, reaching convergence after 7 or 8 times. For the case of amorphous SiO 2 , the CP model has also been found to reasonably produce its thermal conductivity for a range of porosities such as 10 ∼ 35% [61] and 0.54 ∼ 24.15% [62] . Furthermore, Santos [70] revealed that the thermal conductivity of conventional aluminous refractory concrete exhibited the decreasing tendency as increasing the porosity from 0 to ∼36.37% at various temperatures, nearly according to that from the CP model. Meanwhile, Coquil et al. [61] found a slight overestimation of the CP model compared with the MD result, whereas Zhu et al. [62] found an underestimation when the porosity was 24.15%. But Table 4 : Principal (K 1 , K 2 , K 3 ) and volumetric averaged (K v ) thermal conductivities of the porous jennite with various porosities (P ρ ) at 300 K. Based on this analysis, it can be concluded that the CP model is able to well predict the thermal conductivity of not only amorphous porous silica but also porous cement based materials.
Next, we made a careful analysis of our MD result in comparison with those from the CP model, in which the pores were assumed to be filled with air or water, and from experiment. Whether the pores of porous cement hydration product would be filled with air or water (or even vacuum) depends on its hardening process condition. If the pores are assumed to be filled with water, the porous jennite has the maximal thermal conductivity, whereas filling with air will give the minimal values, as obtained by the CP model shown in Fig. 6 . It is worth noting that for the case of water filling the thermal conductivity of porous jennite should decrease with increasing the porosity as well, due to smaller conductivity of water (0.6062 W/m·K [69] ) than jennite. According to the work of Constantinides and Ulm [74] , the porosities of high and low density C−S−H were found to be 24 and 36% respectively, and therefore, if hydrated cement paste would be composed of only jennite, its thermal conductivity should be ranged from 0.553 W/m·K with air filling to 0.992 W/m·K with water filling on the CP model lines.
In our previous work [77] , we demonstrated that when applying the multi-functional composite coating material [78] made from silica/alumina-rich minerals to the concrete wall, high dense ceramic layer with a thickness of ∼1 mm and a porosity of 10.05% can [63] 0.9568 ± 0.0257 0.45
In this work, laser flash method was used to measure thermal conductivity. Data of Wu et al. [63] was from calculation, and others were from experiment.
be formed on the wall surface by two-step hydration of cement and mineral powders.
By using the laser flash method, we measured the thermal conductivity of this ceramic layer to be 1.030 W/m·K at 223 K (see Table S2 ), which is placed between the red and blue lines as shown in Fig. 6 . In Table 5 , we summarize the thermal conductivity of cement hydration products with different water to cement ratios (w/c), measured from experiment or calculated from theory. Wu et al. 
Temperature dependence of thermal conductivity
At the final stage, we investigated the thermal conductivity of porous jennite as increasing temperature from 240 K to 560 K with a step of 60 K for details and from 300 K to 1300 K with a step of 200 K. For the sake of simplicity without losing generality, we selected the three different typical porosities of 0%, 15.99% and 32.79%. We followed the above-mentioned procedure to calibrate the thermal conductivity: doing NPT simulation of perfect 3 × 4 × 3 jennite model for 100 ps, creating the pore with a radius corresponding to the porosity and running NVT for 400 ps, constructing simulation box by repeating 8 times the model and running NVT for 100 ps, and finally
performing NV E run for 200 ps with imposing the heat flux, all these with a time step of 0.1 fs. These processes were repeated at different temperatures. Table 6 lists the unit cell parameters and density of perfect jennite crystal obtained by doing NPT simulations as increasing temperature from 300 K to 1300 K. It was observed that as increasing temperature the unit cell volume increases monotonically while the mass density decreases, although the lattice constants varies irregularly. It should be noted that at 1300 K the density was too small to think of crystal; it was actually transformed to liquid state. Moreover, as revealed by Yu and Kirkpatrick [79] , the jennite crystal is known to be transformed to wollastonite and larnite above 1073
K. That is why we did not perform further simulation at 1300 K. Another point is that since the volume of jennite model increases with increasing temperature, the radius of spherical region for creating the pore should be adjusted to meet the target porosity. Figure 7 shows the temperature profiles in the simulation boxes of perfect jennite along the principal crystallographic directions. At moderate temperatures, one can see a good linearity of temperature change along the slices, which makes it easy to measure the temperature gradients, while an inappreciable dispersion of temperatures was found at 1100 K.
In Fig. 8 , we show the temperature dependence of thermal conductivities of porous jennite with porosities of 0, 15.99 and 32.79%. For the three cases of porosities, the principal thermal conductivities, especially volumetric averaged conductivities, increase to 500 K and decrease after that. Also, it was found that the [100] element of thermal conductivity became the biggest after 900 K in all the three cases. layer on the concrete wall by using the laser flash method. We note that our multifunctional composite building material was developed for use of thermal insulation, moisture barrier, sterilization of buildings [78] . Our experimental values were found to mostly locate between the porosity of 15.99% and 32.79%. Since the porosity of this ceramic coating layer was measured to be about 10% [77] , these are slightly deviated from the predicted values, possibly due to not a pure jennite. Based on our calculation result, we suggested the 3rd-order polynomial relation between the thermal conductivity of porous jennite and temperature by
where c i is the coefficient. Table 7 shows them resulting from interpolation process and in Fig. 8(d) we see that the 3rd-order interpolation fits well with our calculation data. [82] reported that the fly ash concrete had decreasing thermal conductivity from 1.69 to 0.95 W/m·K as increasing temperature from 293 K to 793 K. As they pointed out, the change of microstructure was found to start at 573 K from SEM image observation, and Yu [79] stated that jennite lost the interlayer water molecules and thus basic layer structure upon heating to 623 K. It can be said that our calculation results are similar to these experimental data. On the contrary, some irregular changing tendency was observed from experiment for different kinds of concrete. For example, Gencel et al. [73] found that the thermal conductivity of concrete, made using vermiculite as dominant component, decreased from 293 K to 1193 K and again increased to 1373 K. Khaliq and Kodur [83] studied the temperature effect on the thermal properties for self-consolidating concrete, finding that its thermal conductivity decreased up to 693 K, marginally increased to 793 K, and again decreased to 1093 K. For aluminous refractory concrete, Santos [70] reported the increasing tendency from 300 K to 333 K, significantly decreasing to 793 K, and again gradual increasing to 1273 K. For explanation of such complicated behavior, the moisture loss by evaporation of free and pore water with the increase of temperature was considered as the main cause, which is different from our calculation models with the pore filled with air.
Conclusions
In this work, we have investigated the thermal conductivity of porous jennite by means of molecular dynamics method, aiming at clarifying the thermal behavior of cement hydration product C−S−H gel. The porous jennite models with different porosi- ing with our own measurements and available experimental data for cement paste and concrete, the calculated values were said to be high reasonable and reliable. Therefore, we believe this work will be helpful for a design of high thermal insulating materials with cement and concrete for energy efficient buildings. : Thermal conductivity of cement hydration products including jennite with their pores filled with air or water, comparing with experimental data. Exp1, 2, 3, 4 are from Ref. [43, 71, 72, 73] . They are well placed between the blue line for air filling and the red line for water filling estimated by using the CP model. 
